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Quantum computers are an increasingly hopeful means for understanding large quantum many-
body systems bearing high computational complexity. Such systems exhibit complex evolutions
of quantum states, and are prevailing in fundamental physics, e.g., quantum gravity. Computing
the transition amplitudes between different quantum states by quantum computers is one of the
promising ways to solve such computational complexity problems. In this work, we apply a 10-qubit
superconducting quantum processor, where the all-to-all circuit connectivity enables a many-body
entangling gate that is highly efficient for state generation, to studying the transition amplitudes
in loop quantum gravity. With the device metrics such as qubit coherence, control accuracy, and
integration level being continuously improved, superconducting quantum processors are expected to
outperform their classical counterparts in handling many-body dynamics and may lead to a deeper
understanding of quantum gravity.
A pivotal question that any quantum theory should
address is to predict the evolution of quantum states.
In Spin Foam Model (SFM) [1–10]—a covariant formu-
lation of Loop Quantum Gravity (LQG) [11–13], a 3-
dimensional space is described by a quantum state—3-
dimensional space state. In SFM, the pivotal question is
answered by spin foam amplitudes, which are the proba-
bility amplitudes of 4-dimensional quantum spacetime re-
gions formed by the evolution from initial 3-dimensional
space states to final 3-dimensional space states. Calcu-
lating spin foam amplitudes is one of the crucial steps
of applying the SFM to many interesting topics in LQG,
e.g., the Planck star tunneling, blackhole-whitehole tran-
sition, cosmology, etc [14? ? –17]. Unfortunately, com-
puting spin foam amplitudes for general quantum space-
times on a classical computer is numerically difficult and
resource consuming [18–20]. Nevertheless, such numeri-
cal difficulty may be circumvented if we compute a spin
foam amplitude on a quantum computer, which obtains
the amplitude by experimental measurements [21–23].
Superconducting circuits provide a competitive solu-
tion for building a practical quantum computer. Su-
perconducting qubits are patterned lithographically and
controlled by precisely-assembled microwave pulses, with
a rich parameter space of qubit properties and opera-
tion regimes experimentally accessible. Thanks to re-
cent improvements in qubit coherence [24–27], which lim-
its the participation in energy storage for the circuit
regions with two-level state defects [28], superconduct-
ing qubits have gained rapid developments in both sci-
ence and engineering, covering various aspects includ-
ing decoherence mechanisms [25, 29], quantum gates
and algorithms [30–32], entanglement manipulations [33–
36], error-correction codes [37–39], and quantum simula-
tions [40–44]. More recently, a superconducting quantum
processor with 53 qubits was used to implement random
one- and two-qubit gates for quantum chaos [45], which
signifies the entrance to the era of noisy intermediate-
scale quantum technologies for quantum speedup.
In this paper, we employ a 10-qubit superconducting
quantum processor to compute the Ooguri spin foam am-
plitudes [46] given various 3-dimensional space states.
We generate a basic quantum spacetime state, a 5-qubit
single-vertex state, with the state fidelity as high as
0.832 ± 0.005, which we then duplicate to generate two
5-qubit single-vertex states in parallel, and apply a two-
qubit entangling gate to emulate the ‘gluing’ operation
of the two single-vertex states to obtain a 10-qubit two-
vertex state. We measure the spin foam amplitudes
by taking the inner product of these vertex states and
any given spin- 12 3-dimensional space state. The mea-
sured spin foam amplitudes of the transitions from a 3-
dimensional space state consisting of m regular quan-
tum tetrahedra to a 3-dimensional space state consisting
of 5 −m quantum tetrahedra for the single-vertex state
(8−m quantum tetrahedra for the two-vertex state) agree
with theory decently. For various given 3-dimensional
space states, we find that in both the single-vertex and
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2two-vertex cases, the largest spin foam amplitude is al-
ways achieved by the 3-dimensional space states that cor-
responds to the 3-dimensional boundaries of classical 4-
dimensional simplicial complexes, which are geometric
objects widely used as discretized spacetime [47–49].
The spin foam amplitude of a 4-dimensional quantum
spacetime region can be considered as a combination of
the spin foam amplitudes of the basic building blocks—
spacetime atoms—of the quantum spacetime region. The
3-dimensional boundary space state of a spacetime atom
comprises five quantum tetrahedra. In SFM, each quan-
tum tetrahedron is a quantum spin state corresponding
to a closed tetrahedron (see Appendices Section 2.1). In
the case of a spin- 12 quantum tetrahedron, it is described
by a Bloch-sphere state of a qubit (see Appendices Sec-
tion 2.2). A spacetime atom can be regarded as a quan-
tum process [2] for m quantum tetrahedra evolving to
5 − m quantum tetrahedra. The detailed calculation
(Appendices Section 3) shows that the spin foam ampli-
tude of the process only linearly depends on the tensor
product, denoted by |Φ〉, of the five boundary quantum
tetrahedra. Hence, one can universally define a quantum
state, i.e., a vertex state, such that the spin foam ampli-
tude of a spacetime atom is given by the inner product
〈W |Φ〉 between the vertex state, associated with |W 〉,
and the atom’s boundary tensor state. A pair of space-
time atoms can be ‘glued’ into a bigger region of the
spacetime, described by a two-vertex state |Wd〉, via en-
tangling the common boundary quantum tetrahedra of
the two spacetime atoms, as depicted in Fig. 1. There-
fore, the spin foam amplitude of the spacetime region is
given by the inner-product between the two-vertex state
and the region’s 3-dimensional boundary tensor state.
In general, a quantum spacetime region is made by
gluing many spacetime atoms, which form a highly en-
tangled many-body state [9, 50–64]. By generating such
a state, a quantum processor is capable of calculating the
spin foam amplitude of any given boundary state up to
a phase factor.
Here we utilize a superconducting quantum processor
for a proof-of-concept demonstration with the boundary
states made of spin- 12 quantum tetrahedra, for which the
basic spacetime atom is described by a 5-qubit state with
its components given in Tab. I. Our experiment bridges
the fundamental concepts in LQG and the state-of-the-
art technology of superconducting qubits, with consistent
and enlightening results, and points out a promising path
towards computing spin foam amplitude for a spacetime
containing arbitrary number of spacetime atoms bounded
by quantum tetrahedra with arbitrary spins , which could
be useful for the topics aforementioned, e.g., the Planck-
star tunneling, black hole-white hole transition, etc.
Our superconducting quantum processor (Fig. 2(a))
is constructed by 20 frequency-tunable transmon qubits
symmetrically coupled to a central bus resonator (R)
fixed at ωR/2pi ≈ 5.245 GHz, where 10 qubits are se-
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FIG. 1. Illustrative description of quantum spacetime
Illustration of ‘gluing’ spacetime atoms (top), assigned the
states 〈WA| and 〈WB |, for a bigger spacetime region as the
two-vertex state 〈Wd| (bottom). Atom A is bounded by five
quantum tetrahedra Q1, · · · , Q5, while B is bounded by quan-
tum tetrahedra Q6, · · · , Q10. As shown in the lower left cor-
ner, each quantum tetrahedron is made of four spin states
representing the tetrahedron’s four quantized triangular faces.
The ‘gluing’ procedure entangles the common boundary tetra-
hedra Q5 and Q10. As a result, there are only eight boundary
quantum tetrahedra for the larger spacetime region 〈Wd|.
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TABLE I. Wavefunction coefficients of the ideal 5-qubit vertex
state in the computational basis. All displayed coefficients should
be divided by 8
√
42 for normalization.
lected for this experiment (Qj for j = 1 to 10) and the
rest are far detuned in frequency (also neglected for the
experiment). The 10-qubit circuit Hamiltonian is
H1
~
=ωRa
†a+
10∑
j=1
[
ωj(t)|1j〉〈1j |+ gj
(
σ+j a+ σ
−
j a
†)]
+
∑
i,j∈10
gi,j
(
σ+i σ
−
j + σ
−
i σ
+
j
)
, (1)
where Qj ’s resonance frequency ωj(t) can be dynami-
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FIG. 2. Device setup and the experiment of simulating a single spacetime atom. (a) Device image showing the 10 qubits
highlighted and divided into two groups according to their coloring. Also illustrated are the external XY control for implementing the
single-qubit rotation Rβ(α) by an angle α around β-axis, which is in the equator plane forming the angle β with respect to x-axis, and
the Z control for realizing the phase gate Z(γ), which rotates around z-axis by an angle γ. (b) Sequence diagrams to generate the 5-qubit
vertex state |W 〉 (before the vertical dashed line) and measure the corresponding transition amplitude 〈Φ|W 〉, which consist of a layered
execution of the many-body entangling gate E5q(τ) and multiple single-qubit XY rotations and Z phase gates. Shaded box: The U−1(θ, φ)
gate reverses a quantum tetrahedron state represented by the spherical coordinates (θ, φ) on the Bloch sphere to the north pole |0〉, which
can be realized via an XY rotation Rφ−pi/2(θ). To estimate the experimental 5-qubit density matrix ρexp, tomographic operations (not
shown) replacing the U−1 gates followed by multiqubit readout are applied right after the generation of |W 〉 (see Appendices Section 1.4).
(c) Probability that all qubits are simultaneously measured to be in |0〉 resulting from the projection of |W 〉 onto 〈Φ|, where four boundary
tetrahedra of 〈Φ| are fixed to be regular (i.e., θ = pi/2 and φ = pi/2) and the fifth one is continuously deformed as a function of θ and φ.
Maximum probability occurs at about θ = pi/2 and φ = pi/2, as identified at the crossing point.
cally tuned within a couple of nanoseconds, σ+j (σ
−
j ) is
the raising (lowering) operator of Qj , a
† (a) the creation
(annihilation) operator of R, gj the coupling strength
between Qj and R, and gi,j direct coupling strength be-
tween Qi and Qj . Idle frequencies of these 10 qubits
are carefully arranged in order to minimize qubit-qubit
crosstalks caused by simultaneous single-qubit rotation
and readout pulses. Single-qubit XY rotations, imple-
mented by a 20-ns full-width at half maximum Gaussian-
shape microwave pulse with a full length of 40 ns, as
shown in Fig. 2(a) inset, are benchmarked to be above
0.990 in fidelity. Z phase gates, implemented by fast
square pulses, are used to dynamically tune qubit fre-
quencies and to acquire desired dynamical phases, the
latter of which is realized by appending additional phases
to the axes of subsequent XY rotations. Readout fidelity
metrics are all above 0.95 (0.90) for the |0〉 (|1〉) states of
these qubits, and are used to eliminate the measurement
errors (Appendices Section 1.1).
To implement the many-body entangling gate, the 10
qubits are divided into groups A and B, and the qubits
in either group are equally detuned from resonator R by
∆A/B = ωA/B − ωR, where ωA 6= ωB , for a collective
interaction mediated by R. The effective Hamiltonian in
the dispersive regime with R initially in the ground state
is
H2
~
=
∑
i,j∈A
(
gigj
∆A
+ gi,j
)(
σ+i σ
−
j + σ
−
i σ
+
j
)
+
∑
i,j∈B
(
gigj
∆B
+ gi,j
)(
σ+i σ
−
j + σ
−
i σ
+
j
)
+
∑
j∈A
g2j
∆A
|1j〉〈1j |+
∑
j∈B
g2j
∆B
|1j〉〈1j |, (2)
where gigj/∆A/B + gi,j (≡ gEffi,j ) is the effective intra-
group coupling strength between Qi and Qj . Therefore,
the intra-group pairwise qubit couplings can be dynam-
ically turned on by tuning the group of qubits on res-
4onance with each other but detuned from ωR, which
realizes the many-body entangling gate E5q(τ) for the
five qubits within the group, while the inter-group qubit-
qubit couplings are effectively off provided that ωA and
ωB are kept largely different.
Using E5q(τ), we are able to deterministically gen-
erate the 5-qubit vertex state |W 〉 by positioning the
qubits in group A at ∆A/2pi ≈ −235 MHz while bias-
ing the qubits in group B far detuned. As depicted in
Fig. 2(b), the generation sequence is built upon the re-
peated execution of the many-body entangling gate with
a variable duration τi followed by sequential single-qubit
rotations Rβq,i (αq,i) and Z(γq,i), where αq,i represents
the rotation angle around βq,i-axis, γq,i denotes the ro-
tation angle around z-axis, q identifies the qubit, and i
(= 1, · · · , d) refers to the depth position. We first cal-
ibrate the effective intra-group coupling strengths gEffi,j
using resonant qubit-qubit swap dynamics (Appendices
Section 1.2), based on which we employ a gradient-based
optimization procedure to acquire the values of τi, αq,i,
βq,i, and γq,i, in order to maximize the state fidelity of
the target |W 〉. The layered execution of the many-body
entangling gate is numerically shown to be highly effec-
tive in generating |W 〉. Ideally, the parameter values for
a state fidelity above 0.99 could be numerically acquired
by implementing d = 4 layers. Considering the finite
coherence of our device, here we choose to prepare |W 〉
with d = 2 layers to shorten the sequence time: We ex-
perimentally generate |W 〉 and measure the 5-qubit den-
sity matrix ρexp by quantum state tomography, yielding
the state fidelity F = Tr (ρexp · ρideal) = 0.832 ± 0.005
(Appendices Section 1.4).
Based on the generated |W 〉, we can obtain the com-
plex conjugate of the spin foam amplitude 〈Φ|W 〉 by
quantum measurement (see Appendices Section 4), with
〈Φ| denoting the boundary state made of five quan-
tum tetrahedra. In our experiments, we fix four out
of five boundary quantum tetrahedra to be regular and
leave the fifth with arbitrary shape (see Appendices
Section 2.3). The resulting probability is displayed in
Fig. 2(c), showing that the maximum probability occurs
when the boundary contains five regular tetrahedra with
consistent orientation to form a 4-simplex (Appendices
Section 2.4), and our measured probability agrees with
theory well.
To generate two vertex-states in parallel involving all
10 qubits in both groups, we select ∆A/2pi ≈ −295 MHz
and ∆B/2pi ≈ −228 MHz. Again here we employ a
gradient-based optimization, with d = 2, to acquire a
sets of parameters for the 10 qubits, with the require-
ment that the many-body entangling gate times τi are
close for the two groups at the same depth position i. The
qubits in the group with shorter τi are slightly detuned
from each other after τi, and subsequently synchronized
with the qubits in the other group when moving to their
corresponding idle frequencies for single-qubit operations
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FIG. 3. Experiment of simulating two spacetime atoms
and their ‘gluing’. (a) Sequence diagrams to ‘glue’ the two ver-
tex states and measure the two-vertex four dimensional spin foam
amplitude, where θ varies from 0 to pi with φ = pi/2 or 3pi/2.
The Cϕ gate acting on Q5-Q10 transforms the Einstein-Podolsky-
Rosen (EPR) state (|00〉 + |11〉)/√2, representing the bulk tetra-
hedron in the two-atom boundary state, to |00〉. As in Fig. 2(b),
the U−1(θ, φ) gates reverse the eight boundary tetrahedra qubits to
|0〉. Seven out of the eight boundary tetrahedra are fixed as regular,
and the qubits in groups A and B have reversed phases of φ = pi/2
and 3pi/2, for |WA〉 and |WB〉 to be ‘glued’. (b) Illustration of
transforming (|00〉+ |11〉)/√2 to |00〉 (Appendices Section 1.5). (c)
Probabilities of simultaneously measuring |0〉 for all qubits (squares
with error bars) as a function of θ, which parametrizes the shape
of the eighth boundary tetrahedron. Lines are fits of the data to
sinusoidal curves.
(Appendices Section 1.3). These two simultaneously gen-
erated vertex states |WA〉 and |WB〉 have state fidelities
0.704± 0.007 and 0.722± 0.015.
We then ‘glue’ |WA〉 and |WB〉 into a composite space-
time |Wd〉 via changing their common boundary tetra-
hedra into an EPR pair, (|00〉+ |11〉) /√2, as illustrated
in Figs. 3(a) and (b). This entanglement is achieved by
a two-qubit controlled phase (Cϕ) gate executed in the
dressed-state basis as demonstrated previously [65]. The
two-vertex state |Wd〉 characterizes the spin foams am-
plitude of a spacetime region as two spacetime atoms
bounded by eight boundary quantum tetrahedra. Ex-
perimentally, we use |Wd〉 to calculate the spin foam am-
plitude of a set of boundaries where seven out of eight
boundary quantum tetrahedra are regular and the eighth
one arbitrary. Similar to the single-vertex case, the max-
imum probability occurs when all eight boundary quan-
tum tetrahedra are regular and oriented consistently to
form a boundary of two ‘glued’ 4-simplices.
In conclusion, we have explored the SFM consisting of
a single-vertex state and that of a two-vertex state on
a superconducting quantum processor. We prepare the
vertex states with a protocol relying on an efficient many-
body entangling gate, taking the advantage of parallel
operations generic with the multiqubit-resonator-bus ar-
chitecture. Furthermore, we investigate the properties of
quantum spacetime by collecting the varying spin foam
5amplitudes determined by the boundary quantum tetra-
hedra. This work not only actualizes the experimen-
tal viability on the study of quantum spacetime, that a
quantum processor can automatically calculate the tran-
sition amplitudes of a spacetime made of multiple atoms,
but also shows that superconducting quantum processors
hold the promise of simulating and investigating complex
dynamics of quantum many-body systems.
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Appendices
1. EXPERIMENTAL DETAILS
1.1. Device
The device used in this experiment is a 20-qubit su-
perconducting quantum processor, where all qubits are
capacitively coupled to the central bus resonator R. 10
transmon qubits are selected for this experiment, labeled
as Qj for j = 1 to 10, with individual microwave con-
trol and flux bias lines for implementation of XY and
Z rotations, respectively. Each qubit dispersively inter-
acts with its own readout resonator, which is ∼ 1.5 GHz
above the qubit resonance and connected to one of the
two transmission lines across the circuit chip. In prac-
tice, multi-tone microwave signals are passed through the
transmission lines and scattered due to impedance mis-
match as shunted by the multiple qubit-state-dependent
readout resonators. The scattered signals are amplified
and then demodulated at room temperature by analog to
digital converters for detection of the multiqubit state.
Qubit idle frequencies ωj , where single-qubit opera-
tions are applied, are carefully arranged to minimize the
crosstalk effect. Single-qubit X/2 (X) and Y/2 (Y ) gates
are used to rotate qubit state on the Bloch sphere by
pi/2 (pi) around x-axis and y-axis, respectively, and are
characterized via simultaneous randomized benchmark-
ing (RB), yielding gate fidelity values no less than 0.990
(Tabs. II and III). Also shown in these tables are the
relevant qubit energy relaxation times at the entangling
frequency ωA/B for the many-body entangling gate and
those at ωj , as well as the qubit readout fidelity met-
rics for the |0〉 (|1〉) states used to correct the directly
measured probabilities to eliminate the measurement er-
rors [66].
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FIG. 4. (a) Pulse sequences to measure the effective coupling
strength between Q1 and Q4 at ωA, while Q2, Q3, and Q5 are
positioned 30 MHz either above (black line) or below (gray line)
ωA/2pi. The pulse amplitude (zpa) and the length (t) of the square
Z pulse applied to the flux bias line of Q4 are varied during the
measurement. (b) The corrected probabilities of measuring |Q1Q4〉
in |10〉 with Q2, Q3, and Q5 at 30 MHz above (left) and below
(right) ωA/2pi. Arrows identify the minimum positions where Q1
and Q4 are on resonance.
1.2. Effective coupling strength gEffi,j
We use the two-qubit swap dynamics to estimate the
effective coupling strength gEffi,j between Qi and Qj within
group A at the entangling frequency ωA, while the 5
qubits in group B are far detuned. As illustrated by the
pulse sequence in Fig. 4(a), we first excite Qi to |1〉 with
an X rotation, and then bias it to ωA while Qj is swept
across ωA via a detuning pulse for a duration of t. The
probability data of measuring |QiQj〉 in |10〉 as functions
of the amplitude of the detuning pulse and t resulting
from the abovementioned swap dynamics during which
the other three qubits are statically positioned 30 MHz
above (left panel) and below (right panel) ωA/2pi, are
shown in Fig. 4(b). Both cases demonstrate well-resolved
Chevron patterns. For each column of the measured
probabilities, we extract the oscillation frequency 2g by
Fourier transform, and take the minimum g value aver-
aging over both cases as a close estimate of gEffi,j . The
10 pairwise coupling strengths for the qubits in group A
used in the experiment of simulating a single spacetime
6ωj/2pi Simultaneous Simultaneous Simultaneous Simultaneous T1,j
F0,j F1,j
ωA/2pi T
′
1,j
(GHz) X/2 fidelity X fidelity Y/2 fidelity Y fidelity (µs) (GHz) (µs)
Q1 4.959 0.9974(2) 0.9923(4) 0.9962(2) 0.9911(4) 35.1 0.959 0.906
5.010
17.2
Q2 5.001 0.9988(2) 0.9937(4) 0.9987(2) 0.9926(4) 28.3 0.969 0.928 47.8
Q3 4.920 0.9986(1) 0.9977(1) 0.9988(1) 0.9977(1) 38.2 0.971 0.941 28.4
Q4 5.053 0.9986(1) 0.9957(2) 0.9986(1) 0.9953(2) 31.9 0.983 0.934 39.5
Q5 5.080 0.9975(1) 0.9958(2) 0.9976(2) 0.9958(2) 35.3 0.985 0.944 43.6
TABLE II. Qubit characteristics for the generation of a single 5-qubit vertex state. ωj is the idle frequency of Qj , where superexchange
interactions are switched off and single-qubit rotations Rβ(α) are implemented. To switch on the intra-cluster superexchange interactions,
qubits are biased to the corresponding interaction frequency ωA. Each qubit’s lifetime T1,j at both ωj and corresponding ωA are collected.
Performance of single-qubit pi/2 and pi XY rotations are verified by simultaneous randomized benchmarking. To measure T1,j , Qj is
prepared to |1〉 by a pi XY rotation, and then measurement is carried out after t. The corrected |1〉-state probability P1,j as a function
of t is fitted to P1,j ∝ exp(−t/T1,j). While collecting each qubit’s T ′1,j at ωA, other qubits are biased to around the sweet point. The
5-qubit vertex state is denoted by |Q1Q2Q5Q4Q3〉 with coefficients from Tab. V.
ωj/2pi Simultaneous Simultaneous Simultaneous Simultaneous T1,j
F0,j F1,j
ωA/B/2pi T
′
1,j
(GHz) X/2 fidelity X fidelity Y/2 fidelity Y fidelity (µs) (GHz) (µs)
Q1 4.580 0.9985(1) 0.9986(1) 0.9984(1) 0.9989(1) 31.7 0.962 0.928
4.950
25.4
Q2 4.918 0.9979(1) 0.9977(1) 0.9981(1) 0.9979(1) 39.8 0.972 0.925 53.2
Q3 4.731 0.9972(1) 0.9951(1) 0.9982(1) 0.9980(1) 41.5 0.957 0.901 29.6
Q4 4.540 0.9989(1) 0.9987(1) 0.9988(1) 0.9991(1) 45.1 0.963 0.935 28.9
Q5 5.080 0.9973(2) 0.9910(4) 0.9971(2) 0.9913(4) 29.8 0.985 0.925 37.0
Q6 4.646 0.9990(2) 0.9978(2) 0.9986(2) 0.9978(1) 28.3 0.970 0.907
5.017
34.1
Q7 5.117 0.9983(1) 0.9926(3) 0.9981(1) 0.9918(3) 24.1 0.980 0.900 33.7
Q8 4.960 0.9984(1) 0.9966(2) 0.9983(1) 0.9965(1) 50.8 0.973 0.918 49.5
Q9 5.006 0.9972(2) 0.9912(4) 0.9979(3) 0.9902(5) 30.4 0.954 0.922 33.5
Q10 5.043 0.9961(5) 0.9985(3) 0.9968(5) 0.9979(3) 40.1 0.960 0.918 38.2
TABLE III. Qubit characteristics for the generation of two 5-qubit vertex states. Qubits in group A and B are biased to ωA and ωB to
switch on the intra-cluster superexchange interactions respectively. More details about the symbols’ meaning are provided previously in
Tab. II. Here we slightly rearrange the qubits so that the two vertex states are given by |Q1Q2Q3Q4Q5〉 and |Q6Q7Q8Q9Q10〉 respectively.
atom in Fig. 2 of the main text are listed as values in
brackets in Tab. IV.
Similarly, to obtain the pairwise coupling strengths
in the experiment of simulating two spacetime atoms,
we measure the 10 pairwise coupling strengths for the
qubits in one group following the abovementioned proce-
dure while positioning the qubits in the other group at
their own entangling frequency. All intra-group pairwise
coupling strengths are listed in Tab. IV.
1.3. Generation of the 5-qubit vertex state
The wavefunction coefficients of the ideal 5-qubit ver-
tex state in the computational basis are displayed in
Tab. V (or Tab. I of the main text). Despite the fact
that an arbitrary multi-qubit quantum state can be pre-
pared with a series of single-qubit gates and a single
type of two-qubit gates such as the CNOT gates, it re-
mains an active and challenging subject to reduce the
quantum circuit complexity because of the presence of
quantum control noises. For example, to generate a 5-
qubit state described by 25 − 1 complex parameters, a
known decomposition method requires 57 single-qubit ro-
tations and 26 CNOT gates with a depth of 22, which
is quite resource-consuming considering the limited co-
herence performance of our device [67]. In this experi-
ment, we take an alternative approach in state prepara-
tion based on a many-body entangling gate E5q(τ) re-
alized by evolving the on-resonant 5-qubit system for a
variable duration τ under the Hamiltonian H5q, where
H5q/~ =
∑
i<j
gEffi,j
(
σ+i σ
−
j + σ
−
i σ
+
j
)
.
7Q1-Q2 Q1-Q3 Q1-Q4 Q1-Q5 Q2-Q3 Q2-Q4 Q2-Q5 Q3-Q4 Q3-Q5 Q4-Q5
gEffi,j /2pi (MHz)
-0.58 -1.04 -1.02 -0.72 -1.10 -1.08 -0.46 -0.64 -1.06 -1.04
(-0.70) (-1.33) (-1.36) (-0.99) (-1.34) (-1.36) (-0.66) (-0.81) (-1.25) (-1.26)
Q6-Q7 Q6-Q8 Q6-Q9 Q6-Q10 Q7-Q8 Q7-Q9 Q7-Q10 Q8-Q9 Q8-Q10 Q9-Q10
gEffi,j /2pi (MHz) -0.74 -1.22 -1.39 -1.39 -1.15 -1.30 -1.30 -1.00 -1.01 -0.67
TABLE IV. Effective coupling strengths gEffij estimated using the two-qubit swap dynamics. Values in parentheses are for the single
5-qubit vertex state experiment.
Basis |00000〉 |00001〉 |00010〉 |00011〉 |00100〉 |00101〉 |00110〉 |00111〉 |01000〉 |01001〉 |01010〉 |01011〉 |01100〉 |01101〉 |01110〉 |01111〉
Coeff. 3
√
3 9 9 −3√3 9 9√3 −3√3 3 9 9√3 9√3 −9 −3√3 −9 3 −√3
Basis |10000〉 |10001〉 |10010〉 |10011〉 |10100〉 |10101〉 |10110〉 |10111〉 |11000〉 |11001〉 |11010〉 |11011〉 |11100〉 |11101〉 |11110〉 |11111〉
Coeff. 9 −3√3 9√3 3 9√3 −9 −9 −√3 −3√3 3 −9 −√3 3 −√3 −√3 21
TABLE V. Wavefunction coefficients of the ideal 5-qubit vertex state in the computational basis. All displayed coefficients should be
divided by 8
√
42 for normalization.
In principle, repetitive execution of this many-body en-
tangling gate E5q(τ) interlaced with arbitrary single-
qubit gates can efficiently produce highly-entangled
states such as the 5-qubit vertex state.
The sequence diagram to generate the 5-qubit vertex
state is illustrated in Fig. 2(b) of the main text, which
consists of an initialization stage with 5 XY rotations
and a d-layer repetition stage, where each layer contains
a many-body entangling gate E5q(τ), 5 XY rotations,
and 5 Z phase gates. Using the measured pairwise cou-
plings gEffi,j in Tab. IV, we numerically search within a
constrained parameter space to locate a local maximum
in the state fidelity of the generated 5-qubit vertex state,
sampling over 10 independent trials with random initial
guesses for the highest fidelity achievable. The numer-
ically obtained parameter values are then implemented
to guide the experiment of generating the 5-qubit vertex
state.
In the multiqubit-resonator-bus architecture, we are
able to generate two 5-qubit vertex states |WA〉 and |WB〉
in parallel by positioning two qubit groups A and B at
different entangling frequencies, so that the inter-group
qubit couplings are effectively turned off. The experimen-
tally chosen entangling frequencies ∆A and ∆B differ by
about 2pi × 67 MHz (see Tab. III), and a constraint that
requires the many-body entangling durations of the two
groups to be close is enforced in the numerical optimiza-
tion. The exact pulse sequence of generating |WA〉 and
|WB〉 is shown in Fig. 5, where we slightly detune the
group of qubits with a shorter duration to stop its en-
tanglement evolution while waiting for the other group
to finish the evolution under H5q.
1.4. Quantum state tomography
We use quantum state tomography (QST) to char-
acterize the experimentally generated 5-qubit ver-
tex state. As illustrated in the sequence dia-
gram in Fig. 6(a), a Pauli gate set selected from
{I,X/2, Y/2}⊗5 is inserted between the state prepara-
tion and the multiqubit readout, resulting in 25 proba-
bilities {P00000, P00001, · · · , P11111}. With 35 choices of
the Pauli gate sets, we obtain a total of 35×25 measured
probabilities, based on which we utilize convex optimiza-
tion to extract the density matrix which is constrained
to be Hermitian, normalized, and positive semidefinite.
The experimentally obtained density matrix ρexp of the
5-qubit vertex state is depicted in Fig. 6(b), with the
state fidelity of Tr (ρideal · ρexp) = 0.832 ± 0.005, where
ρideal is from Tab. V.
1.5 Two-qubit controlled phase gate Cϕ and
quantum process tomography
As mentioned in the main text, gluing two vertex states
requires a two-qubit controlled phase gate (Cϕ) acting
on Q5 and Q10. Here we follow the protocol outlined in
Ref. [65] to implement Cϕ, with the pulse sequence il-
lustrated in Fig. 7(a). While Q5 and Q10 are originally
at their idle frequencies 5.080 GHz and 5.043 GHz, re-
spectively, a 15 ns-long square pulse (Z phase gate) is
first applied to Q5 to align its x-axis of the Bloch sphere
to Q10’s referenced to the rotating frame at 5.043 GHz.
Then Q5 is biased to 5.043 GHz for an on-resonant inter-
action with Q10, while XY microwaves with the driving
8Δ𝐵/2𝜋 = −228 MHzΔ𝐴/2𝜋 = −295 MHz
𝑄10 |0⟩
𝑅 |0⟩
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𝑄3 |0⟩
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𝑄6 |0⟩
𝑄2 |0⟩
𝑄8 |0⟩
𝑄7 |0⟩
𝑄5 |0⟩
40 ns
FIG. 5. Pulse sequence of generating two 5-qubit vertex states in parallel. Qubits are separated into two groups A and B as differentiated
by black and gray at the beginning, respectively.
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(a)
(b)
FIG. 6. (a) Sequence diagrams to generate the 5-qubit vertex state followed by characterizations via QST. (b) Real parts of the
experimental (left) and ideal (right) density matrices of the 5-qubit vertex state for comparison. All imaginary elements of the experimental
density matrix are measured to be less than 0.03.
90.957 ± 0.002
XY
Z
XY
Z
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𝑓
𝑟𝑒
𝑞
.
𝑡𝑖𝑚𝑒
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FIG. 7. (a) Pulse sequence to generate the controlled phase gate
Cϕ acting on the two qubits (Q5 and Q10), which interact with each
other via mediation by resonator R. (b) Real and imaginary parts
of the experimental process matrix characterizing Cϕ (solid bars)
in comparison with the ideal ones (black frames). The color code
for the Pauli basis {I,X, Y, Z} is shown at the bottom.
amplitudes of approximately 2.96 and 12.74 MHz are ap-
plied toQ5 andQ10, respectively. Both microwave phases
are initialized to be aligned to x-axis of the Bloch sphere
and then inverted at the middle point of the interaction
duration. This on-resonant interaction with a duration
around 228 ns fulfills a Cϕ in the dressed state basis.
To characterize Cϕ, we perform quantum process to-
mography by preparing 36 distinct input states generated
by operations from the gate set {I,±X/2,±Y/2, X}⊗2,
and measure the resulting output states by QST. Based
on the QST density matrices of the input and output
states, we are able to estimate the experimental matrix
χexp describing the Cϕ process, yielding the process fi-
delity of Tr (χidealχexp) = 0.958 ± 0.003, where χideal
refers to the ideal matrix.
2. DETAILS OF QUANTUM TETRAHEDRA
2.1. Quantum tetrahedra and the spin-network
states
Denote Hj as a 2j + 1-dimensional Hilbert space con-
sisting all the spin j states. A quantum tetrahedron [68–
71] is a tensor state |e〉 in ⊗4i=1Hji satisfying
(Jˆ1 + Jˆ2 + Jˆ3 + Jˆ4)|e〉 = 0. (3)
Here the vector operators Jˆi = (Jˆ
x
i , Jˆ
y
i , Jˆ
z
i ) are the spin
operators defined on spaces Hji . These vector operators
follows the relation Jˆi × Jˆi = iJˆi,where × stands for the
vector product, and [Jˆi, Jˆj ] = 0 if i 6= j.
The equation (3) brings in the geometric interpretation
of the quantum tetrahedron state |e〉 by the following
points
1. Define a face normal operator as Eˆi = 8piγl
2
pJˆi,
where the Immirzi parameter γ and the Planck
length lp bring in the physical size of the face area
[72]. The expectation values Ei = 〈e|Eˆi|e〉, (i =
1 · · · 4) can be interpreted as four face normals of a
closed tetrahedron satisfying
∑4
i=1Ei = 0.
2. The expectation values of geometry operators,
e.g.,the ‘cosine’ dihedral angle operators ĉos θkm =
4
3 Jˆjk · Jˆjm , and the volume operator Vˆ =√
2
3 (
√
8piγlp)
3
√
|(Jˆ1 × Jˆ2) · Jˆ3|, provide the data
that can reconstruct the ‘shape’ of e.
3. The quantum fluctuations of the geometric quanti-
ties make the ‘shape’ of the quantum tetrahedron
fuzzy. In the ‘large-spin’ limit j →∞, these quan-
tum fluctuations are negligible.
A quantum tetrahedron state is also called a rank-4
SU(2)-intertwiner. In general, a state |f〉 in ⊗ni=1Hji ,
satisfying
n∑
i=1
Jˆi|f〉 = 0,
is called a rank-n SU(2)-intertwiner. Geometrically, the
state |f〉 can be considered as a quantum polyhedron.
In analog to the fact that any 3-dimensional space can
be triangulated and approximated by a large number of
tetrahedra (polyhedral), the quantum states comprising
many quantum tetrahedra (polyhedral) can be consid-
ered as quantized 3-dimensional spaces. Such states are
called the spin-network states. A spin-networks state
[71, 73–76] can be represented as a graph made of many
vertices and many links connecting the vertices. Each 4-
valent (n-valent) vertex is assigned with a rank-4 (rank-
n) SU(2)-intertwiner as a quantum tetrahedron (polyhe-
dron). Each link is labeled with a spin variable j indicat-
ing the common boundary face of two quantum tetrahe-
dra (polyhedral). In SFM, the spin-network states form
a basis of the model’s Hilbert space. The evolution of
a spin-network state forms a quantum spacetime whose
dynamical properties are described by the corresponding
spin foam amplitude.
2.2. Spin- 1
2
quantum tetrahedra
A quantum tetrahedron state |e〉 can be con-
structed by coupling four spin states denoted as
|j1,m1〉, |j2,m2〉, |j3,m3〉, and |j4,m4〉. Such cou-
pling can be done in two steps. In the first step,
|j1,m1〉, |j2,m2〉 are coupled to be an intermediate state
with spin J12, while, |j3,m3〉, |j4,m4〉 are coupled to be
a spin-J34 state. In the second step, the J12 intermediate
10
state and J34 intermediate state are coupled into a final
spin-J state.
j1
  
j2
~~
j3
  
j4
~~
J1 2
''
J3 4
ww
J
The constraint (3) fixes the final spin J to be 0. Hence,
J12 must equal to J34.
In our experiment, all the ji equal to
1
2 . Then, by the
trangle condition of coupling spins, the intermediate spin
J12 can be either 0 or 1. Thus the space of the spin-
1
2
quantum tetrahedra is a 2-dimensional space.
Denoting | ↑ 〉 and | ↓ 〉 as the state | 12 , 12 〉 and | 12 ,− 12 〉,
one basis of the spin- 12 quantum tetrahedra space can be
written as
|0〉 = 1
2
(
| ↑↓ 〉 − | ↓↑ 〉
)(
| ↑↓ 〉 − | ↓↑ 〉
)
,
|1〉 = 1√
3
[| ↓↓↑↑ 〉+ | ↑↑↓↓ 〉
− 1
2
(| ↑↓ 〉+ | ↓↑ 〉)(| ↑↓ 〉+ | ↓↑ 〉)].
(4)
Thus, a spin- 12 quantum tetrahedron state |e〉 can be ex-
pressed as
|e〉 = cos θ
2
|0〉+ eiφ sin θ
2
|1〉,
where θ and φ are the coordinates on the Bloch-sphere.
2.3. Regular quantum tetrahedra
In our paper, we use regular quantum tetrahedra as
parts of the boundary state. A regular quantum tetrahe-
dron is a quantum state that all of its spin variables are
the same and all of its expectation values of the ‘cosine’
dihedral angle operators are the same. In the ‘large-spin’
limit, this state reconstructs a classical regular tetrahe-
dron.
For a spin- 12 quantum tetrahedron state |e〉, the expec-
tation values of the ‘cosine’ dihedral angle operators are
given by
〈 ̂cos θ12〉 = 〈 ̂cos θ34〉 = cos2 θ
2
− 1
3
sin2
θ
2
,
〈 ̂cos θ13〉 = 〈 ̂cos θ24〉 = 2
3
sin2
θ
2
+
2
√
3
3
cos
θ
2
sin
θ
2
sinφ,
〈 ̂cos θ14〉 = 1− 〈 ̂cos θ23〉 − 〈 ̂cos θ12〉,
where θij are the dihedral angles between face i and face
j, and (θ, φ) is the Bloch-sphere coordinate of the |e〉 [21].
When (θ, φ) = (pi2 ,
pi
2 ) and (θ, φ) = (
pi
2 ,
3pi
2 ), all the six
dihedral angles are equal to each other. Hence |e+〉 =
|0〉 + i|1〉 and |e−〉 = |0〉 − i|1〉 are two spin- 12 regular
quantum tetrahedra.
2.4. Orientation of a quantum tetrahedron
The states |e±〉 are eigenstates of the volume operator
Vˆ |e+〉 = (
√
8piγlp)
3
√
2
3
√√
3
4
|e+〉,
Vˆ |e−〉 = −(
√
8piγlp)
3
√
2
3
√√
3
4
|e−〉.
In SFM, the plus and minus sign in the eigenvalues indi-
cate the orientations of quantum tetrahedron [2]. For a
general quantum tetrahedron, the orientation depends on
the sign of expectation value of volume square operator
Vˆ .
In SFM, a boundary state made of quantum tetrahe-
dra is called physical, if those quantum tetrahedra cor-
responds to the boundary of a 4-dimensional simplical
complex and the orientations of those quantum tetrahe-
dra are consistent. For a spacetime atom, the boundary
is orientation consistent if all of its boundary tetrahedra
have the same orientation. For two neighboring space-
time atoms, we say that the boundary is orientation con-
sistent if the orientations of the tetrahedron shared by
them are opposite respecting to the two atoms [6, 7].
Our experiment shows that the physical boundaries
that are orientation consistently provide much larger spin
foam amplitudes than those provided by the orientation
inconsistent boundaries.
3. THE OOGURI MODEL SPIN FOAM MODEL
In Ooguri model [3, 46, 71], the vertex amplitude is
given by
Av =
∏
f
(2jf + 1)
∫
SU(2)
∏
e
dgve×∏
f
〈jf , ~nef |g−1ve gve′ |jf , ~ne′f 〉.
(5)
where dge are the SU(2) Haar measures, ge are SU(2)
group elements assigned to boundary tetrahedra labeled
by e, and |jf , ~nef 〉 are the coherent states of the faces of
the boundary tetrahedra. In our paper, the spin variables
jf are
1
2 . Thus the vertex amplitude can be simplified as
Av =2
10
∫
SU(2)
∏
e
dgve
∏
f
〈~nef |g−1ve gve′ |~ne′f 〉, (6)
11
where the |~nef 〉 stand for the coherent state | 12 , ~nef 〉. Us-
ing a graphic representation, the vertex amplitude is ex-
pressed as (7).
. (7)
Each circle in (7) stands for a state |~nef 〉, each box in-
dicates an group element gve, and each curve stands for
an inner-product 〈~nef |g−1ve gve′ |~ne′f 〉. We perform the in-
tegrals over SU(2) and get
. (8)
In (8), the graphic notation
.
is a {15j}-symbol which can be considered as a function
of 15 variables f(j1, · · · , j10, i1, · · · , i5). Ten of the vari-
ables are the spin variables (denoted as jk) of the quan-
tum tetrahedra and five of the variables are the interme-
diate spins (denoted as ie) of the quantum tetrahedra.
In our experiments, all jk equal to
1
2 . The intermediate
spins ie, as we mentioned in previous section, can be ei-
ther 0 or 1. Thus, one can encode the information of this
{15j}-symbol into a 5-qubit state |W 〉, such that
|W 〉 = 1N
11···1∑
i1,··· ,i5=00···0
f
(
1
2
, · · · , 1
2
, i1, · · · , i5
)
|i1, · · · , i5〉,
where N is the normalization factor. In our paper, we
call |W 〉 the vertex state. The components of |W 〉 are
given in TABLE V.
Denote a tensor state ⊗4i=1|~nei〉 as |e′〉. Each 4-valent
diagram
.
in (8) is a function g(~ne1, · · · , ~ne4, ie) whose value is given
by
g(~ne1, · · · , ~ne4, ie) = 〈ie|e′〉, (ie = 0, 1),
where the states |0〉 and |1〉 are given in the previous
section. Then, this 4-valent diagram can be considered as
a projector that projects the |e′〉 to a quantum tetrahedra
state
|e〉 = g(~ne1, · · · , ~ne4, 0)|0〉+ g(~ne1, · · · , ~ne4, 1)|1〉.
satisfying (3). So the vertex amplitude in (8) can be
written as an inner-product
Av = 2
10Z〈W | ⊗5e=1 |e〉,
where Z = 0.62361.
Multiple spacetime atoms are connected by identify-
ing their common boundary. Graphically a two-vertex
amplitude is shown as (9).
(9)
By doing the integrals, the amplitude becomes
,
(10)
where the symbol
.
12
is δi5i10 when all spin variables j are
1
2 . Thus the two-
vertex state |Wd〉 is given by the diagram
,
indicating that |Wd〉 is made by entangling two |W 〉s.
Similar to the single atom case, the spin foam ampli-
tude (9) can be expressed as an inner-product
A =
√
2(2)16Z2〈Wd| ⊗8e=1 |e〉,
where the factor
√
2 comes from the normalization factor
of the EPR state |00〉+|11〉√
2
.
4. THE INNER PRODUCTS
In spin-12 cases, each |ei〉 is a qubit state cos θi2 |0〉 +
eiφi sin θi2 |1〉 which can be generated by acting a rotation
gate U(θi, φi) on |0〉. Thus an inner-product between |ei〉
and a qubit state |ψ〉 can experimentally measured by the
following way.
1. Generate |ψ〉 in the system.
2. Act U−1(θi, φi) on |ψ〉.
3. Measure the probability of getting |0〉 as the output
of the quantum gate. The square root of this prob-
ability provides the value of 〈ψ|ei〉 up to a phase
factor.
In our experiments, vertex state |W 〉 (two-vertex state
|Wd〉) is a 5 (8) qubits state. We act 5 (8) inverse gates
U−1(θi, φi) on |W 〉 (|Wd〉) and measure the probability
of getting all |0〉 as the output of the inverse gates as
the modulus square of the spin foam amplitude 〈W |Φ〉
(〈Wd|Φ〉)
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